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Abstract: Weyl materials exhibiting topologically nontrivial touching points in band 
dispersion pave the way to exotic transport phenomena and novel electronic devices. 
Here, we demonstrate the signature of ideal type-II Weyl phase in phonon dispersion 
of solids through first-principles investigations. Type-II phononic Weyl phase is 
manifested in noncentrosymmetric wurtzite CuI by six pairs of Weyl points (WPs) in 
the 𝑘𝑧 = 0.0 plane. On the iodine-terminated surface of the crystal, very clean 
surface arcs are readily detectable. Each pair of WPs connected by open surface arcs 
is well separated by a large distance of 0.26 Å−1, ten times larger than that in TaAs. 
The opposite chirality of WPs with quantized Berry curvature produces Weyl phonon 
Hall effect, in analogy to valley Hall effect of electrons. Such ideal type-II Weyl phase 
are readily observable in experiment, providing a unique platform to study novel 
thermal transport properties distinct from type-I Weyl phase. 
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Since the theoretical prediction and experimental realization of Weyl semimetal 
state in the TaAs class of compounds [1-4], Weyl materials including Weyl fermions 
[5-12], Weyl photonic crystal [13,14] and Weyl phononic crystal [15-20] with novel 
surface states have attracted significant interest recently. The spin-1/2 Weyl points 
(WPs) emerging in solids without time reversal symmetry or inversion symmetry are 
the twofold degenerated crossing points of two linearly dispersing bands in the three 
directions of momentum space [21,22]. The quantized Berry curvature enclosing the 
WPs in momentum space can be viewed as magnetic monopole of opposite chirality, 
leading to the topologically protected surface (Fermi) arcs [23,24]. Compared to the 
type-I WP [13,25-27], the type-II WP phase is expected to realize very distinct 
transport properties, such as anisotropic chiral anomaly [28], anomalous Hall effect 
[29-31], enhanced thermoelectric coefficient [32,33]. Because of the strongly tilted 
electron and hole pockets in type-II Weyl semimetals, the type-II Weyl cone easily 
induces the overlapping states between the Weyl cone and the trivial bulk bands [25]. 
The overlapping states can induce the Weyl cone with different energy and different 
momentum (Fig. 1(a)). To date, the ideal type-II Weyl phase without the overlapping 
states have not been reported. 
In fact, if the Weyl phase is ideal, the surface states show open surface arcs [13]; 
Otherwise, at least one of the WP will be wrapped up in the trivial bulk pockets and 
thereby the surface states show closed surface arcs, which blurs the observation of 
topological nontrivial surface states in experiment. We first demonstrate what the 
ideal type-II Weyl phase looks like. As shown in Fig. 1, a pair of pocket can form two 
WPs if the two bands cross each other, or only one WP if the two bands simply touch 
at a given point. For the former case (Fig. 1(a)), one WP at least will be unavoidably 
wrapped up in the trivial bulk pockets. Most discovered type-II Weyl materials belong 
to this category [34-42]. Nevertheless, for the latter case, all WPs are related to each 
other by symmetry, and thereby locate at the same energy. In particular, when the bulk 
bands away from the Weyl cone have an observable gap (𝐸𝑔 > 0) (Fig. 1(c)), the 
strong hybridization between the Weyl cone and the bulk bands can be minimized. 
The corresponding Weyl state is called ideal type-II Weyl phase. Though some 
realistic candidates [9,19,43] meet the requirement mentioned in Fig. 1(b), they do not 
have the observable gap (𝐸𝑔 < 0) and then are not ideal. Thus, finding the ideal 
type-II Weyl phase with clean surface states remain a challenging task. 
   Here, we show by the first-principles calculations that the wurtzite CuI features 
the ideal type-II Weyl phonon, exhibiting six pairs of accidentally degenerated WPs at 
the frequency of 3.60 THz in the 𝑘𝑧 = 0.0 plane. The ideal feature of the type-II 
Weyl phonon phase is manifested by vanishing band overlapping with the bulk 
phonon continuum, which leads to clean surface arcs. The separation for each pair of 
WP is 0.26 Å−1, ten times larger than that of TaAs solids, suggesting that wurtzite 
CuI is a promising candidate for studying the spin-1/2 type-II Weyl phonon. The 
opposite Berry curvature for WPs in the Weyl phonon can host the phonon Hall effect 
under the excitation of polarized photon, in analogy to the valley Hall effect for 
fermions. 
Phonon dispersion and Weyl points. As shown in Fig. 2(a), wurtzite cuprous iodide 
CuI exists at high temperature (370-400 °C) and has a hexagonal lattice in a 
noncentrosymmetric space group of P63𝑚𝑐 (No. 186) [44,45]. It is isomorphic to the 
point group 𝐶6𝑣 respecting the mirror symmetries 𝜎𝑣(−𝑘𝑥, 𝑘𝑦), six-fold rotational 
symmetry 𝐶6𝑧 = (
𝑘𝑥
2
−
√3𝑘𝑦
2
,
√3𝑘𝑥
2
+
𝑘𝑦
2
, 𝑘𝑧)  and time reversal symmetry 𝒯 . The 
phonon dispersion of wurtzite CuI along high-symmetry path in the whole Brillouin 
zone (BZ) is shown in Fig. 2(c). The absence of vibration modes of negative 
frequency at the whole BZ indicates the strong lattice stability of CuI. One can find 
that a tiny gap appears along the −M and −K direction around the optical phonon 
frequency of 3.60 THz, indicating the possibility of the crossing points around. To 
confirm that these two optical branches indeed touch, we plot the contour of the 
frequency gap between the sixth and seventh optical branches in the 𝑘𝑧 = 0.0 plane 
of the whole BZ by applying a much dense grid [46] of momentum points in Fig. 3(a). 
The frequency gap approaches zero at the point (0.1866, 0.7197,0.0) Å−1, located 
slightly away from any high-symmetry momentum path. The positions of other 
crossing points are associated by mirror symmetries 𝜎𝑣, rotational symmetry 𝐶6𝑧, as 
shown schematically in Fig. 2(b). 
As phonons do not obey the Pauli exclusion principle [18,47], the phonon 
properties can be studied in the whole range of phonon frequencies. In this letter, we 
focus on the crossing point of the sixth and seventh optical branches at the frequency 
of 3.60 THz. Previous results in electronic system show accidental degeneracy in 
three-dimensional space can lead to the appearance of WP at generic points, though 
no corresponding symmetry protects the gapless points [22].  
Topology of Weyl phonon. To identify the topological properties of these WPs, the 
Berry curvature is calculated via 𝑛
𝑧 (k) = ∇𝑘 × ⟨𝑢𝑛𝑘|𝑖∇𝑘|𝑢𝑛𝑘⟩, where 𝑛 labels the 
band number and |𝑢𝑛𝑘⟩ is the phonon eigenmodes [22,42]. Fig. 3(b) shows the 
monopole-like distribution of the Berry curvature around two crossing nodes in the 
𝑘𝑧 = 0.0 plane. We have also checked the chiral charge of the crossing nodes by 
integrating the Berry curvature calculated on a closed surface enclosing the 
corresponding WP. We found that their Chern number 𝒞 is +1 for source (blue) and 
−1 for sink (red), respectively. Thus, the twelve crossing nodes in the 𝑘𝑧 = 0 plane 
are indeed WPs [22]. 
In order to understand the WPs in CuI, we show an enlarged view of the phonon 
dispersion around a WP in Fig. 2(d). The corresponding 3D plot of the crossing 
branches with 𝑘𝑧 = 0.0 is displayed in Fig. 2(e). It is clear that the two bands cross 
with linear dispersion with homochromous velocity along one direction and the Weyl 
cone is strongly tilted, indicating the identified twelve WPs belong to the type-II WPs 
[25]. Furthermore, compared to the tiny gap in the 𝑘𝑧 = 0.0 plane, the gap out of the 
𝑘𝑧 = 0.0 plane between the sixth and seventh optical branches is much larger, as 
shown in Fig. 2(a). Therefore, we identify the CuI to be an ideal type-II Weyl 
phononic materials based on our definition of ideal type-II WPs mentioned above.  
Once the crossing nodes are identified as WPs, we can utilize symmetries, 𝜎𝑉 
and 𝐶6𝑧 to understand the distribution of the WPs in momentum space [48]. Suppose 
a WP with chirality 𝒞 = +1 exists at a generic position (𝑘𝑥, 𝑘𝑦, 0.0), the other 
eleven WPs can be obtained by above symmetry operations. We find any 
high-symmetry lines can not host WPs: (i) M−K line. Setting 𝑘𝑦 to be 0.5, the 
operation 𝜎𝑣  and 𝐶6𝑧
3  maps the WP (𝑘𝑥, 0.5,0.0) with chirality 𝒞 = +1  to be 
(−𝑘𝑥, 0.5,0.0) with 𝒞 = −1 and (−𝑘𝑥, −0.5, 0.0) with 𝒞 = +1, respectively. The 
two new WPs do not meet the crystal periodicity condition. (ii) −M line. Taking 𝑘𝑥 
to be zero, the operation 𝐶6𝑧 and 𝐶6𝑧
4 𝜎𝑣𝐶6𝑧
3  maps the WP (0.0, 𝑘𝑦, 0.0) to the same 
position (−
√3𝑘𝑦
2
,
𝑘𝑦
2
, 0.0), but with the opposite chirality. (iii) −K line. Using the 
relation 𝑘𝑦 = √3𝑘𝑥, the operation 𝐶6𝑧
5  and 𝐶6𝑧𝜎𝑣𝐶6𝑧
3  maps the WP (𝑘𝑥, √3𝑘𝑥, 0.0) 
to the same position (2𝑘𝑥, 0.0, 0.0), but with the opposite chirality. Indeed, WPs will 
annihilate in pairs if two WPs with the opposite chirality meet in the momentum space 
[22]. We find that the discussion above that the WPs can not locate at any 
high-symmetry lines is consistent with the previous first-principles calculations [9]. 
Three band effective Hamiltonian. In order to qualitatively understand the existence 
of the Weyl phase, we construct a three band effective 𝒌 ∙ 𝒑 Hamiltonian by applying 
the symmetry principle of  point based on the theory of invariants [49]. Similar to 
the case in SrHgPb electronic system [9], we find the obtained Hamiltonian can 
describe the essential physics of the Weyl phase away from the  point. The effective 
Hamiltonian near the  point is dictated by the lattice symmetry (𝐶6𝑣) and the time 
reversal symmetry. Our first-principles calculations show that the upper and lower 
part of the Weyl cone belong to the two-dimensional representation E1 and 
one-dimensional representation B1, respectively, as shown in Fig. 2(a). It is natural to 
consider three bands as the basis in the effective Hamiltonian. As phonons do not 
have the concept of the electronic orbital, we only require that the form of the real 
basis can describe the corresponding irreducible representation [18]. Thus, the basis at 
the  point can be written as {𝑥, 𝑦} for E1 representation and {𝑦3 − 3𝑦𝑥2} for B1 
representation. Considering the out-of-plane bands form an obvious gap, we confine 
the effective Hamiltonian in the 𝑘𝑧 = 0.0 plane. Thus, the most general effective 
Hamiltonian up to 𝑂(𝑘4) near the  point is given by: 
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generate the 𝐻𝑤 term (part IV Supplemental Material). 𝐼𝑦, 𝐼𝑧,  𝐼𝑥𝑦, 𝐼𝑧𝑥, 𝐼𝑦𝑧, 𝐼𝑥
2, 𝐼𝑦
2 
and 𝐼𝑧
2  are the matrix basis. The various constant 𝐴𝑖 , 𝐵𝑖, , 𝐶𝑖 , 𝐷𝑖 , 𝐸𝑖𝑗  and 𝐹𝑖𝑗 
describe the specific band properties.  
  By fitting the phonon bands of the effective model with the first-principles 
calculations around the  point, the parameters in the three band effective model are 
determined and are summarized in Table S1. The fitted phonon dispersions for 
wurtzite CuI are plotted in Fig. S6. It is shown that the phonon dispersions at WP in 
the 𝑘𝑧 = 0.0 plane generally agree well with the first-principles calculations. Hence, 
the effective model in Eq. 1 can capture the topological properties of the Weyl phase, 
confirming the existence of the Weyl phase in CuI. We find from the effective model 
that not the Weyl phase but the node-line phase will be generated when the term 𝐻𝑤 
vanishes. 
Topological surface states of Weyl phonon. Similar to the electronic system, the 
existence of Weyl phonons should also give rise to the topologically protected 
nontrivial surface arcs in momentum space connecting the WPs of opposite chirality 
[18,23]. Generally, the coupling within the first surface layer of polar semiconducting 
CuI is different from the bulk. The change in the surface force constants can lead to 
the shift of the surface phonon frequency in polar semiconductors within 15% making 
our prediction still reasonable [50,51]. As shown in Fig. 4, we calculated the surface 
phonon states and the surface spectral function for a fixed frequency 𝑓 =
3.60 THz on the CuI(0001) (Cu-terminated) surface and the CuI(0001) (I-terminated) 
surface. The blue and red spheres denote the WPs with chirality of 𝒞 = +1 and 𝒞 =
−1, respectively. The white regions represent the projected bulk bands, whereas the 
red color lines show the surface states. As expected, the surface arcs and surface states 
connecting a pair of WPs with opposite chirality are clearly observable. On the 
Cu-terminated surface, as shown in Figs. 4(a)-(c), we can identify two circled 
dispersing states around the WPs: states 𝛽 from bulk pocket bands form a closed 
path and thus contribute to the trivial arcs; states α connect a pair of WPs with 
opposite chirality and thus are the candidate topological arcs [42]. On the I-terminated 
surface (Figs. 4(d)-(f)), very clean surface arcs are observed. Because of the broken 
inversion symmetry of the structure, the connecting pattern of surface arcs changes 
but does not disappear [46]. 
  Unlike the most type-II Weyl semimetals where the strong hybridization of bulk 
and surface states makes the identification of topological character of Fermi or surface 
arcs very hard, the surface arcs in CuI phonons are very clean. The differences lie in 
the fact: (i) the twelve type-II WPs in CuI locate at the same frequency with the same 
shape of phonon dispersion determined by the crystal symmetry and time reversal 
symmetry, while two type-II WPs in the former case with opposite chirality have a 
shifted energy or frequency; (ii) the pockets away from the WPs are well separated 
and form an observable gap. In contrast, it is noted that the pockets which form 
type-II WPs in the phonon dispersion of TiS, ZrSe and HfTe overlap too much [19], 
making the identification of the surface arc states extremely difficult. On the other 
hand, the splitting distance of a pair of WPs connecting with surface arcs is about 
0.26 Å (15.5 % of the reciprocal lattice constants) in CuI, which is about ten times 
larger than that in TaAs [4]. Thus, the ideal feature of Weyl phonons in CuI should be 
readily detected and is important to the application of topological quantum transport 
of surface phonons. 
   It has been established that large and opposite Berry curvature at discrete 
momentum space can realize valley Hall and phonon Hall effect in electron and 
phonon systems without inversion symmetry [52,53]. Thus, we can also expect to 
observe the Weyl phonon Hall effect at the WPs in the CuI phonons. As shown in Figs. 
3(c)-(d), applying a temperature gradient along the longitudinal (xx) direction, the 
Weyl phonons excited by circularly polarized light at WPs will be deflected to the 
transverse (xy) direction, depending on the photon polarization. As a result, a 
temperature difference along the transverse direction would show up since 𝑘𝑝ℎ
𝑥𝑦 ∝
−A ∙ ∇T𝑥𝑥 ∙ Ω
𝑧 − 𝐵 ∙
1
∇𝑇𝑥𝑥
∙ Ω𝑧 (A and B are two system parameters) [54]. The Weyl 
phonon Hall effect should have advantageous transport applications for the designed 
phonon dissipation. 
  As mentioned above, the upper and lower part of Weyl cone belongs to E1 and B1 
mode, respectively. The symmetry analysis shows that B1 mode is neither infrared 
(IR)-active nor Raman (RA)-active, while E1 mode is both IR-active and RA-active. 
Thus, bulk phonons can be measured by Raman scattering or infrared spectroscopy. 
On the other hand, the topological edge modes can be detected by the surface 
sensitive probes such as inelastic x-ray scattering or high resolution electron energy 
loss spectroscopy [55]. We show the surface phonon density of states (DOS) 𝒢(ω) at 
the surface ̅, M̅ and K̅ point in Fig. S5. It is clear that the peaks of the surface 
phonon DOS at the K̅ point change dramatically and are well separated from the 
broad bulk continuum, while at the M̅ and ̅ point the surface phonon DOS shows a 
steady tendency. The results reveal that K̅ point is the best place to identify the 
topological edge modes in momentum space.  
  Since the Weyl points are induced by accidental degeneracy in momentum space, 
the appearance of Weyl phase is sensitive to perturbations. We found from Fig. S2 that 
Weyl points would have a global phonon gap under 2% tensile strain. Furthermore, 
the polariton effect of LO-TO splitting and spin-orbit coupling effect were also 
discussed (part II Supplementary Material). As shown in Fig. S4, Weyl phase 
generated accidentally in CuI is not obtained in CuX (X=Cl, Br).  
In conclusion, we have theoretically shown that wurtzite CuI features ideal type-II 
Weyl phonons. The six pairs of accidentally degenerated WPs associated with each 
other by crystal symmetry and time reversal symmetry have the minimal 
hybridization between the Weyl nodes and the bulk bands, allowing for readily 
distinguishable surface states on the Cu-terminated surface and clean open surface 
arcs on the I-terminated surface. The Raman active and infrared-active E1 mode can 
help to identify novel Weyl states. We propose that the two-fold degeneracy of Weyl 
phonons with the opposite Berry curvature in the 𝑘𝑧 = 0.0 plane can host the Weyl 
phonon Hall effect promising for the Weyl phononics [56,57]. The proposed 
properties can be readily detected by light-helicity-resolved Raman spectroscopy 
connecting the photon helicity and phonon chirality [58-60]. 
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Figures: 
 
FIG. 1. Schematics of type-II Weyl phase. (a) Two bands cross each other and form 
two adjacent Weyl points (WPs). (b) Two bands simply touch and form only one WP. 
(c) Schematics of the ideal type-II Weyl phase. It must meet the requirement in panel 
(b) that all WPs are related to each other by symmetry. The surface arc connects two 
WPs (red and blue spheres) with the opposite chirality. The obvious gap away from 
the Weyl cone minimizes the hybridization between the type-II WPs and the bulk 
bands. 
 
 FIG. 2. Type-II Weyl phase in wurtzite CuI. (a) The atomic structures of bulk CuI. Blue and 
yellow spheres denote the Cu and I atoms, respectively. (b) The bulk Brillouin zone (BZ) and the 
projected surface BZ for the (0001) surface. The six pairs of type-II Weyl points (WPs) are 
schematically shown by blue/red spheres denoting the chirality of phonon WP. (c) Phonon 
dispersion of CuI along high-symmetry momentum path. The phonon WP along the low symmetry 
momentum path is shown in right section of the phonon dispersion. (d) The enlarged crossing 
phonon dispersion around one phonon WP along the 𝜃 =
5𝜋
6
 direction relative to the 𝑘𝑥 axis. (e) 
Perspective plot of the phonon WP in the 𝑘𝑧 = 0.0 plane. 
 
  
 FIG. 3. Topology of Weyl points. (a) The momentum dependent frequency gap 
between the sixth and seventh phonon band. The chirality of phonon Weyl point (WP) 
is denoted by blue ( 𝒞 = +1  for WP+) and red ( 𝒞 = +1  for WP-) spheres, 
respectively. (b) The calculated Berry curvature around a pair of WPs enlarged from 
the black dashed rectangle in panel (a). The length of each arrow is the magnitude of 
the in-plane Berry curvature. (c) [(d)] The proposed Weyl phonon Hall effect excited 
by right-handed (left-handed) circularly polarized light under a temperature gradient. 
The blue arrows, black arrows and black wave lines denote the Hall current, 
temperature gradient and light, respectively. 
 
 
  
 FIG. 4. Surface states and surface arcs. (a) The momentum-resolved surface LDOS 
for CuI projected onto the top (0001) surface (Cu-terminated surface). (b) The 
enlarged surface arc of panel (a) signed by black dashed rectangle. It is observed that 
the open surface arc 𝛽 connects two Weyl points (WPs) with the opposite charges. 
The length of the surface arc is near 0.26 1 Å⁄ . The blue square and red sphere 
represent the projected WPs with the chirality of +1 and -1, respectively. The state 𝛼 
and 𝛽 are topological trivial and nontrivial, respectively. (c) Surface band structure 
along the black lines indicated in panel (b). Panels (d)-(f) are the same as panel (a)-(c), 
respectively, but for the bottom (0001̅) surface (I-terminated surface). 
 
